Introduction
With the high speed of economic development and swift growth of population in China, about 30~40 billion ton municipal wastewaters are produced every year, and about 80 % of Chinese rivers and lakes have been polluted in varying degrees. In order to relieve and eliminate water systems processes. In BNR processes, the contaminations in wastewater are mainly removed by microorganisms, so the efficiency of the contaminations removal is affected by many factors, such as the concentration of the contaminations and the pH in influent, influent flow, temperature, and operational parameters. Among them temperature is one of the most important factors, not only because the biological activity of biomass was strongly affected by temperature, but also the temperature in WWTPs is influenced by climate and it is very hard to change the temperature. In the north of China, the temperature is much discrepant in summer and winter, and the temperature changes sharply, when the season varies. Temperature drastically fluctuated result in negatively impact on the steady operation of the WWTPs, such as the removal rate of nitrogen and phosphorus was decreased, ammonia nitrogen nitrification was deteriorated, and sludge bulking or foaming was occurred in the WWTPs [11] . There are many researchers [12~14] investigated organic substance, nitrogen and phosphorus removal in relatively high temperature, while few researchers investigated the contaminations removal in low temperature, and the influence of varying temperature on the contaminations removal, and in simultaneous removal of nitrogen and phosphorus along with organics removal process, the microbial growth condition and characteristics of the related microorganisms are respectively different [15] , so the temperature may have different affect on the contaminations removal. So the aim of the present work was to investigate the influence of varying temperature, which was dropped from about 25 ˚C to about 20 ˚C then to about 15 ˚C, on the contaminations removal, and optimize the operational parameters in low temperature, to achieve high removal efficiency of the contaminations in a pilot-scale anoxic-anaerobic OD process.
Materials and methods
pilot-scale plant.The experiments had been carried out in a pilot-scale anoxic-anaerobic OD process. Configuration process was shown in Fig.1 . This process consisted of a water tank (200 L), an anoxic zone (29 L), an anaerobic zone (29 L), an OD reactor (216 L) and a secondary clarifier (53 L). The anoxic and anaerobic zones were made of Plexiglas, and the others were made of stainless steel. The influent rate was 15 L/h, and the HRT of the anoxic zone, anaerobic zone, OD reactor and secondary clarifier were 1.9 h, 1.9 h, 14.4 h and 3.5 h, respectively. 10 % of total influent and all return sludge were pumped to the anoxic zone, and the remaining 90 % influent was pumped to anaerobic zone. Mixers were equipped in both of the anoxic and anaerobic zones, which made the sludge suspend, while three mixers were equipped in the ditches, in order to make the mixed liquids flow in the OD reactor. DO was controlled artificially, and oxidation-reduction potential (ORP) and pH were monitored, but were not controlled. The quantum of aeration was little in the 1, 2 and 3 galleries in the OD system, which only made the sludge suspend, and most of the aeration was in the 4, 5 and 6 galleries. Pilot-scale plant start-up and operation.This experiment was carried out in winter. Before this experiment, the anoxic-anaerobic OD system was used to remove organic substance, nitrogen and phosphorus; the mixed liquor in the process was heated, and the temperature was controlled at about 25 ˚C to shorten the start-up period of the pilot-scale system. In order to improve the efficiency of nitrogen and phosphorus removal, the DO in the front of the OD reactor was decreased, an anoxic zone was formed in that place, and the operational mode was changed to anoxic/anaerobic/anoxic/aerobic from anoxic/anaerobic /aerobic. And the DO, RSR, solids retention time (SRT) and mixed liquor suspended solids (MLSS) in this phase were 0.55~0.65 mg/L, 58 %, 12 days and 2416~2636 mg/L, respectively. Then the temperature was decreased to about 20 ˚C (from 10 th day), and the DO, RSR, SRT and MLSS were all correspondingly increased to keep high concentration of MLSS in the reactors, and relatively high efficiency of nitrogen and phosphorus removal. Finally, the temperature was decreased to about 15 ˚C from 31 st day, and the operational parameters were optimized immediately, to weaken the adversely effect on organic substance, nitrogen and phosphorus removal. In the steady phase, the DO, RSR, SRT and MLSS were 1.5~2 mg/L, 3722~4085 mg/L, 18 day and 76 %, respectively, and the concentration of COD, NH 4 + -N, TN and TP in effluent was all below the permitted limits in China.
Analysis.The analyses of TN, NH
-N), TP and MLSS were performed as described in the Standard Methods of APHA [16] . COD was measured using CR3200-photolab sb (WTW, German), DO, pH, ORP, and temperature were measured continuously using online probes (340i, WTW, German).
Results and discussions
DO concentration in the OD system.DO as the electron acceptor was a very important operational parameter in wastewater treatment process. In this experiment, the concentration of DO in the OD reactor was decided by the concentration of NH 4 + -N and TN in effluent, or the efficiency of nitrification and denitrification. When the temperature was high (about 25 ˚C) and DO was 0.55~0.65 mg/L, the concentration of NH 4 + -N and TN in effluent was relative low, but when the temperature was low (about 15 ˚C), the DO must be increased for the efficiency of nitrification. The varieties of DO concentration in the steady phase in OD reactor were shown in Fig. 2 , and the test samples point of DO was in the mixture flow end of each gallery. The concentration of DO in the OD reactor in different days was fluctuated drastically, but the DO in different gallery in the same day didn't change obviously, especially the DO was high. The aeration flow was almost constant, but the DO was changed obviously between day and night, the reason may be that there was no mechanical sludge scraper in the secondary clarifier, and the concentration of MLSS in return sludge was decreased in the night. 
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Organic substance removal.The varieties concentration of COD in the OD system was shown in Fig. 3 . The concentration of COD in influent was mostly fluctuated between 200 mg/L and 400 mg/L. COD was decreased distinctly in the anoxic and anaerobic zones, but fluctuated sharply, and the average concentration of COD in the anoxic and anaerobic zones was 39 mg/L and 48 mg/L, respectively. Most of the organic substance was degraded in the anoxic and anaerobic zones, because the organic substance was diluted by return sludge, adsorbed and assimilated by biomass. The COD in the anoxic zone was lower than that in the anaerobic zone, because 10 % of the influent and all the return sludge was pumped to the anoxic zone, while 90% of the influent was pumped to the anaerobic zone. When the temperature was about 25 ˚C and 20 ˚C, the concentration of COD in effluent was steady and all below 30 mg/L, and the average concentration of COD was 20 mg/L and 21 mg/L, respectively. But when the temperature was decreased to about 15 ˚C, COD was fluctuated obviously and was 47 mg/L in the 31 st day, and the average concentration of COD was 27.8 mg/L, which was obviously higher than when the temperature was about 25 ˚C and 20 ˚C. When the temperature was decreased to about 15 ˚C, COD was obviously increased, but it was decreased gradually several days later, the reason was that the bacteria in the process adapted the low temperature, and the concentration of MLSS was increased gradually. The removal rate of COD was all higher than 88%, and average removal rate of COD was 92.2%.
Nitrogen removal.The varieties concentration of NH 4
+ -N in the OD system was shown in Fig. 4 (a) . The concentration of NH 4 + -N in influent was obviously fluctuated, and the average concentration of NH 4 + -N was 46.6 mg/L. NH 4 + -N in the anoxic and anaerobic zones was 24.2 mg/L and 26.2 mg/L, respectively, because it was diluted by the return sludge. When the temperature was decreased to about 20 ˚C, NH 4 + -N in effluent was increased from 3.7 mg/L to 13.1 mg/L, and was decreased to about 4 mg/L 5 days later; while When the temperature was decreased to about 15 ˚C, NH 4 + -N was increased from 3.8 mg/L to 16.9 mg/L, then to 20.0 mg/L, and was decreased to about 4 mg/L 9 days later, which meant when the temperature was decreased to about 15 ˚C, the activity of Nitrosomonas and Nitrobacter was affected more seriously, and the bacteria needed more days to adopt the low temperature . The concentration of NH 4 + -N in effluent was less than 5 mg/L since the 41 st day, and the removal rate of NH 4 + -N was about 90 % in the steady phase. The varieties concentration of NO 3 --N in OD system was shown in Fig. 4 (b) . The concentration of NO 3 --N in influent was low, and was only about 1 mg/L. NO 3 --N in anoxic and anaerobic zones was 0.59 mg/L and 0.50 mg/L, respectively, in the steady phase (from the 41st day to the end), which was a little higher than when the temperature was about 20 ˚C and 25 ˚C, but had no negative impact on phosphorus release in the anaerobic zone. The varieties concentration of TN in the OD system was shown in Fig. 4 (d) . TN mainly consisted of organic nitrogen, ammonia nitrogen, nitrate nitrogen and nitrite nitrogen, and TN removal is achieved by aerobic nitrification and anoxic denitrification using autotrophic nitrifying and heterotrophic denitrifying bacteria [17, 18] . The concentration of TN in influent was about 50 mg/L, the average concentration of TN was 49.2 mg/L, and the majority of TN in influent was NH 4 + -N in this experiment. Organic nitrogen was converted to ammonia nitrogen, ammonia nitrogen was diluted by return sludge, and the nitrate in return sludge was denitrified to nitrogen gas (N 2 ) in the anoxic and anaerobic zones, so TN was decreased sharply in these place, and the average concentration of TN was 26.5 mg/L and 27.9 mg/L, respectively. Then the NH 4 + -N was nitrified in the 4, 5 and 6 galleries, and denitrifying bacteria which used the organic substance from the effluent of anaerobic zone denitrified the nitrate and nitrite to nitrogen gas (N 2 ) in the 2 and 3 galleries. And simultaneous nitrification and denitrification was occured in the OD reactor, because DO was relatively low and there was anoxic micro-environment in the OD reactor. At the beginning, the concentration of TN in OD effluent was more than 20 mg/L, and then it was gradually decreased to 15.0 mg/L in the 9 th day. While when the temperature was dropped to about 20 ˚C, TN was sharply increased to 28.6 mg/L in the 10 th day, and then it was decreased gradually. When the temperature was dropped to about 15 ˚C, TN was increased and decreased gradually in the following days, and that phenomenon indicated that when the temperature was dropped, TN removal was obviously affected, and the removal rate of TN was increased, after the nitrifying and denitrifying bacteria were adapted the lower temperature, and the operational parameters was optimized. With the operational parameters such as DO, RSR, MLSS and SRT was optimized, TN in effluent was decreased step by step, and was reduced less than 15 mg/L since the 38 th day. The average concentration of TN in effluent was 12.1 mg/L in the steady phase, and the removal rate of TN was about 70 %. Phosphorus removal.The varieties concentration of TP in OD system was shown in Fig 5. The concentration of TP in influent was drastically fluctuated at the beginning, and it was reached to 12.3 mg/L in the 10 th day. The TP was relatively steady in the following days, and the average concentration of TP in influent was 5.38 mg/L. TP in the anoxic and aerobic zones was much higher than that in influent, although TP was diluted by the return sludge, the reason was that under anaerobic condition, facultative bacteria transformed the organic substance to available biodegradable organic carbon, then phosphorus accumulating organisms (PAOs) preferential transported the production across their cell membranes, hence produced polyhydroxybutyrate (PHB) and released orthophosphate, and the energy used in this reaction was released from the hydrolysis of intracellular polyphosphate and glycogen. Although the effluent of the anoxic zone was diluted by the 90 % of in influent, TP in anaerobic zone was slightly higher than in anoxic zone, because nitrate existed in the anoxic zone, which affected phosphorus release, and phosphorus release was continuously occurred in the anaerobic zone. ORP could indicate the anaerobic condition in phosphorus release process, and when the ORP between -200 mv and -400 mv, phosphorus released well. ORP in the anoxic and anaerobic zones was both lower than -270 mv, and it was a little lower in the anaerobic zone; ORP was about -330 mv in the steady phase in the both zones, which meant anaerobic condition was formed and phosphorus could release well. Under the aerobic or anoxic condition, PAOs used the energy released from degradation of PHB to absorb the orthophosphate more than needed for growth from the mixture, transformed to intracellular polyphosphate, and formed phosphorus-rich sludge. The more the phosphorus was released in the anaerobic phase, the more it was up-taken in the aerobic phase; finally, phosphorus was discharged as surplus sludge. TP was removed in the OD reactor, and the concentration of TP in OD effluent was relatively low. With the operational parameters such as DO, RSR, MLSS and SRT was optimized, the TP in OD effluent was decreased gradually, and was reduced less than 0.5 mg/L since the 41 st day. Phosphorus release and phosphorus release up-take were almost no affected, when the temperature was dropped to about 20 ˚C and 15 ˚C.The average concentration of TP in OD effluent was 0.30 mg/L in the steady, which was lower than that in effluent (0.34 mg/L), because the DO in OD effluent was relatively low, and the HRT of secondary clarifier was relatively long, hence anaerobic micro-environment existed in the secondary clarifier and phosphorus release was occurred. The average removal rate of TP was 93.2 % in the steady phase.
Conclusions
A pilot-scale anoxic-anaerobic OD reactor process was used to removal organic substance, nitrogen and phosphorus under low temperature. The conclusions of this study were as followed: When the temperature was dropped to about 20 ˚C and about 15 ˚C, the biological activity of biomass was declined obviously; though the operational parameters were optimized, the efficiency of COD, TN and NH 4 + -N removal was obviously affected, while the removal efficiency of TP was almost not affected. And the removal rate of COD, TN and NH 4 + -N was increased in the following days. After the operational parameters were optimized, the DO, MLSS, SRT and RSR were 1.5~2mg/L, 3722~4085mg/L, 18 day and 76%, respectively, the average concentration of COD, NH 4 + -N, TN and TP in effluent was 26.2 mg/L, 12.1 mg/L, 3.9 mg/L and 0.34 mg/L, respectively, and the average removal rate was 90.7 %, 90.4 %, 73.2 % and 93.2 %, respectively, in the steady phase.
